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I. INTRODUCTION 
The study of diffusion in the solid state has both 
practical and theoretical significance. Diffusion in solids 
may be defined as: 
1. The process which occurs spontaneously as a crystal 
reduces its concentration gradient (1, p. 112). 
2. The process wherein atoms and/or ions migrate 
through the crystal under the impetus of a thermo­
dynamic force (2, p. 1). 
Since most chemical reactions in the solid state have 
a diffusional process as their rate controlling step, any 
investigation of the chemistry of solids will be concerned, 
at least indirectly, with diffusion. Because this phenomenon 
often occurs through the lattice, it may provide information 
on such topics as crystals physics, annealing, work hardening, 
corrosion, plasticity and recrystallization (3, p. 239). 
Recently, studies of diffusion in ionic compounds have 
provided information not only on rates of mass transport, but 
also on the nature of the defects which are thought to be 
responsible for mass transport. Self-diffusion, conceptually 
the simplest diffusion phenomenon, provides the most useful 
information concerning transport mechanisms. Foreign ion 
diffusion may prove useful as a means to investigate the 
influence of impurities on the concentration of defects which 
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cause mass transport in ionic crystals. 
The study of self-diffusion in solids became feasible 
with the introduction of the radiotracer technique, and, 
although other methods have since been developed, the bulk 
of self-diffusion data has been obtained with some form of 
tracer technique. The three general methods which utilize 
tracers to study both self and foreign diffusion are 1) the 
sectioning technique, 2) the radioautographic technique and 
3) the surface counting or decrease in surface activity 
technique. 
The sectioning technique is experimentally the simplest 
of the three methods. A thin layer of radioactive material 
is deposited on one face of the diffusion sample and allowed 
to penetrate into the body of the material for a known time 
at a known temperature. After the diffusion experiment has 
been completed, successive thin layers are removed from the 
surface with a lathe or a microtome and counted. A profile 
of the concentration gradient of the diffusing substance is 
obtained from which the diffusion coefficient may be 
calculated. A variation of this method is to count each 
newly exposed surface as successive layers are removed. 
This procedure is less accurate than the ?irst and has had 
only limited application. 
Almost all data for self-diffusion in crystalline salts 
and a large part of the data for self-diffusion in metal 
systems have been obtained by means of the sectioning 
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technique. It is a particularly accurate method if the 
diffusion coefficient is not too small. Its disadvantages 
are that it requires l) sufficiently long heating periods to 
establish a measurable concentration gradient, 2) extremely 
precise measurement of slice thickness and 3) close control 
of the alignment of the slicing edge with respect to the 
surface of the sample. 
The radioautographic method for the determination of 
diffusion coefficients is the newest of the tracer techniques. 
The experimental procedure is somewhat similar to that used 
in the sectioning technique except that, after the diffusion 
experiment has been completed, only one sectioning is 
necessary. This sectioning may be made on a plane parallel 
to the direction of diffusion rather than perpendicular to 
it. The exposed cross section is placed in contact with a 
photographic film which is sensitive to the particular 
radiation used, and a photograph is taken of the distribution 
of the tracer. The diffusion coefficient is then determined 
by a correlation of the photographic density with the 
concentration of tracer. The resolution obtained with this 
technique is often poor, especially when a beta emitter is 
used. An alternative method is to make the sectioning at a 
small angle to the normal to the direction of diffusion. In 
this way, a small distance along the diffusion coordinate is 
sufficiently enlarged to permit the measurement of the 
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penetration curve with a fair degree of accuracy. 
Many of the early applications of the tracer method to 
diffusion and self-diffusion investigations used one form or 
another of the surface counting method. This procedure is 
simple in concept but very difficult and tedious experi­
mentally. It has been less accurate than the sectioning 
technique primarily because small errors in counting and in 
the geometric arrangement of sample and detector have 
resulted in comparatively large errors in the diffusion 
coefficient. In this method, a thin layer of radioactive 
material is deposited on the face of the diffusion medium 
and counted. After the diffusion has progressed, the surface 
is again counted. A knowledge of the decrease in the 
intensity of the radioactivity together with a knowledge of 
the absorptive properties of the medium for the diffusing 
tracer allow the calculation of the diffusion coefficient. 
Generally, the absorption has been expressed as an 
exponential absorption of the radiation by the solid. Such 
an interpretation is completely valid in only one case: the 
radiation must be perfectly monochromatic and collimated to 
the extent that the measured radiation emerges perpendicular 
to the surface of the solid (4)• Moreover, any determination 
of an absorption coefficient must be done with the same 
geometric arrangement of sample and counter that is used to 
measure the diffusion coefficient. In some investigations, 
a linear absorption coefficient has been obtained 
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experimentally or from the literature and used to evaluate 
the diffusion coefficient in conjunction with radiation 
intensity measurements carried out under different geometry 
conditions. 
The decrease in surface activity method could be made 
more versatile and prove capable of more accurate results if 
an empirical absorption curve were determined under 
conditions which were identical to those used for the 
diffusion measurements. In this manner, the difficulties 
involved in the exponential treatment of absorption would be 
avoided and isotopes with complex beta and gamma spectra 
could be employed. The present investigation has attempted 
to apply a procedure of this sort to a study of the 
diffusion of silver, chlorine and cadmium in single crystals 
of silver chloride. Silver chloride was chosen for a number 
of reasons : single crystals are readily available, very 
thin silver chloride absorbers may be fabricated and useful 
isotopes for self-diffusion studies exist. Self-diffusion in 
silver chloride has been measured by means of the sectioning 
technique (f>) and a comparison of the data obtained by the 
two methods should prove useful in an evaluation of their 
relative merit. 
The ratio, A/A0 of the detected surface radiation after 
and before diffusion may be expressed as an integral of the 
form: 
6 
oo 
(1) 
A0 = the intensity of surface radiation before dif­
fusion. 
A = the intensity of surface radiation after dif­
fusion. 
Cx = the concentration of tracer at the point x below 
the surface. 
x = the depth below the surface 
Q, = the total amount of activity at the surface before 
diffusion. 
S = the geometrical area of the surface. 
-€x = the ratio of the counting rate of n radioactive 
nuclei in a plane at depth x below the surface, and 
parallel to it, to the counting rate for the same 
n nuclei at the surface. 
The term CXS/Q may be given as a function of the diffusion 
coefficient by the appropriate solution of Pick's Law. 
For an isotropic medium with a diffusion coefficient 
independent of concentration, Pick's Second Law of Diffusion 
may be written: 
(2) 
or, for one dimensional diffusion 
7 
(3) 
t = the anneal time* 
D = the diffusion coefficient. 
In this investigation, a thin layer of radioactive sub­
stance was deposited on one of the plane faces of a thick 
cylindrical single crystal* The boundary conditions for this 
case, the semi-infinite case, are: 
In the limit that s, the thickness of the radioactive 
deposit, approaches zero, the solution of Pick's Law is given 
y 
The requirement that s approach zero is approximated by the 
crystal. 
The radioactive species was deposited on the face of 
the crystal, counted (A0), allowed to diffuse and counted 
again (A). The ratio of the counting rates before and after 
diffusion was a function of Dt and the absorptive properties 
of silver chloride for the radiation from the isotopes under 
by: 
(4)  
condition that s ^ ^Dt ^ ^L, where L is the length of the 
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investigation. A direct evaluation of Dt and D for a 
particular experimentally determined A/Aq was not feasible 
and an indirect method was indicated. 
If the expression for CxS/Q from equation 4 is 
substituted in equation 1, the diffusion coefficient can be 
expressed in terms of measurable quantities: 
OO 
A/Ad = [l/( îf Dt }^J J exp (-x2/4Dt)-€xdx. (5) 
o 
For a Dt value in the range of interest, this integral may 
be approximated by an infinite series of the form: 
A/A0 = |^x/(7ÏDt)i] ^^exp (-x^ADt) ("^x^i* (6) 
1=0 
where ^x is an increment of depth below the surface. This 
series converges so that a satisfactory evaluation of its 
limit, A/Aq, may be obtained from a convenient number of 
terms. The x^ and ("Cx)^ factors are evaluated at the 
midpoint of each increment. The increments should be 
sufficiently small sc that 
[Âx/(77Dt)5J yixp (-x^Ad*) - 1.000 t 0.001, 
1*0 
since the sum of the activity distributed throughout the 
crystal after diffusion equals the amount originally 
deposited at the surface. 
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The form of Fick's Law used in this treatment assumes a 
diffusion coefficient that is independent of the concentration 
of the diffusing species. This assumption is valid in the 
case of seIf-diffusion. Here, the crystal cannot distinguish 
between ordinary and radioactive ions, hence, no real 
concentration gradient exists. Although the diffusion of 
cadmium in silver chloride might be expected to exhibit a 
concentration dependence, none was found because of the small 
•ft 
amounts of cadmium used (about 10" total moles at the 
surface). This result is in accord with the fact that at 
low diffusant concentrations, Pick's Second Law approaches 
the limiting case in which D is independent of concentration 
for foreign diffusion. 
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II. REVIEW OF LITERATURE 
A. Methods for Determination of Self-
Diffusion Coefficients 
No attempt will be made in this review to completely 
cover the field of diffusion In solids, nor is there any 
need to do so. An excellent bibliography (6) has recently 
appeared which presents an exhaustive compilation of 
diffusion literature from 1Ô90 to 1955» In addition, two 
comprehensive texts (3,7) are available. Diffusion In metals 
has been reviewed by numerous authors including Mehl (8), 
Hutchinson (9), LeClaire (10,11), Kleppa (12) and Shewmon 
(13). Atom Movements (Hj.), a. report of a seminar sponsored 
by the American Society for Metals, presents a 
comprehensive series of lectures which deals with the theory 
and practice of diffusion investigations in metals. 
Diffusion In ionic compounds has been reviewed by Gray et al. 
(2) and techniques for the measurement of diffusion 
coefficients have been discussed by Gray et_ al., Hoffman (15), 
Lindner and Johansson (16) and Leymonie and Lacombe (17). 
The latter paper is a particularly useful presentation in 
that it discusses the tracer techniques now in use and 
evaluates them with respect to precision and applicability. 
The first quantitative measurement of diffusion in 
solids was carried out by Roberts-Austin (18) who used a 
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chemical technique to investigate the diffusion of gold in 
lead. The radiotracer technique for studying the path of 
physical and chemical processes was introduced some years 
later by von Hevesy and Paneth (19). They used the naturally 
occurring lead isotopes Radium D and Thorium B to 
investigate the solubility of lead chromate and sulfide. 
This experiment suggested the possibility of a study of the 
self-diffusion in lead by a method which followed the 
penetration of these radioactive lead species into ordinary 
lead. SeIf-diffusion in molten lead was investigated a few 
years later (20) and, shortly thereafter, attempts were made 
to use the tracer technique for a study of self-diffusion 
in solid lead (21). Penetration of the radioactive lead into 
the ordinary lead could not be detected and it was assumed 
that the rate of seIf-diffusion at 280°C was less than 10 ^  
cm^/day. In an attempt to obtain a more sensitive method, a 
surface counting technique was developed (22). This procedure 
was similar to that used in an investigation of the 
diffusion of various elements into metals (23). It utilized 
the very short range of the alpha particles from Thorium 0, 
in equilibrium with Thorium B, to measure very small 
diffusion coefficients. An even more sensitive method was 
developed to study the diffusion of lead in lead chloride and 
lead iodide (24 ). Recoil atoms which resulted from the decay 
of the ThB-ThC equilibrium could be detected above the 
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surface of the lead salt if the radioactive species had not 
penetrated too far into the body of the crystal. The 
decrease in concentration of these recoil atoms was used to 
determine the diffusion coefficient. 
At von Hevesy's suggestion, McKay (25)» in 1938, used 
the decrease in surface activity method to study self-dif­
fusion in gold. Radioactive Au1^®, a beta emitter, was 
introduced on the surface of gold foil by a bombardment of 
the foil with neutrons from a radium-beryllium source. The 
change in surface activity during the diffusion experiment 
was measured. A knowledge of the half-thickness of gold 
for the Au^® beta radiation was used to relate the 
emergent radiation to the distribution of the radioactive 
species in the gold foil. 
The surface counting or decrease in surface activity 
technique has had rather limited application because of the 
experimental difficulties involved. It has been used almost 
exclusively to study diffusion in metallic systems. A 
classic surface counting experiment was that done by 
Steigraan et al. (26) to measure self-diffusion in copper. A 
mathematical technique was developed which allowed the use 
of a linear absorption coefficient in an analytic expression 
for the diffusion coefficient. The absorption coefficient 
of Cu^ in copper was determined under two different 
geometry conditions. In both cases, the absorption followed 
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a nearly exponential law, but the geometries used were 
different from that used to count the diffusion samples. 
Moreover, only 1,000 to ij.,000 total counts were taken for 
any one sample so that the counting error was no less than 
1.5 per cent. Blrchenall and Mehl (27) used a similar 
technique to study self-diffusion in iron and Burgess and 
Smoluchowski (28) have used the method to investigate self-
diffusion in nickel. 
Two investigations which used different variations of 
the surface counting method were reported in 1951# Nix and 
Jaumot (29) used the technique developed by Steigman et al. 
to measure self-diffusion in cobalt. Care was taken to 
insure that the absorption measurements for the complex beta 
and gamma emitter, Co^®, were carried out under geometry 
conditions similar to those used in the diffusion 
experiments. An accuracy of about 1$ per cent was claimed 
for both the absorption coefficient and the diffusion 
coefficient. Ruder and Blrchenall (30) felt that It would 
be impossible to obtain an absorption coefficient for Co^ 
because of its complex spectrum and the geometry of the 
counting arrangement. Rather than attempt to determine the 
diffusion coefficient in an analytic manner, they used a 
graphical integration of the concentration-distance, 
absorption-distance product in a manner very similar to that 
used in this work. They obtained an Arrhenius equation for 
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the temperature dependence of the diffusion coefficient which 
may be expressed as D = 0.032 exp(-2.69/kT) cm^/sec, where 
the activation energy is given in units of electron volts 
(ev). Nix and Jaumot obtained the expression D = 0.37 
exp(-2.9l/kT) cm^/sec. Gruzin (31) measured the self-
diffusion of cobalt by means of a variation of the sectioning 
technique and reported his values as D = 0.2 exp(-2.70/kT) 
cm^/sec. An examination of these equations indicates that 
the diffusion coefficients measured by the three methods 
differ considerably for a given temperature. 
Ruder and Blrchenall have discussed the influence of 
the surface and the counting geometry on the value of the 
diffusion coefficient. They concluded that more uneven 
surfaces gave rise to higher values of the diffusion 
coefficient. They also noted that, for an unco.llimated beam, 
the geometric arrangement of the sample and the counting 
tube exercised a very great influence on counting rates, 
particularly when a beta emitter was used. 
A number of variations of the surface activity method 
have been developed during recent years. These techniques 
have been reviewed by Zhukovitskii (32) and Leymonie and 
Lacombe (17). The methods are unique in that they allow the 
determination of the diffusion coefficient without prior 
knowledge of the absorptive properties of the medium for the 
radiation used. 
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Although variations of the surface activity method were 
among the earliest techniques employed to determine self-
diffusion coefficients, the most popular and widely used 
method has been the sectioning technique. The concept of 
sectioning was first combined with the use of radioactive 
tracers by Zagrubskii (33) who measured self-diffusion in 
gold. Shortly thereafter, Rollin (34) employed the 
sectioning technique to measure self-diffusion in copper. 
Many metallic systems have been investigated by the use of 
this method and it has generally been accepted as the most 
versatile procedure for the determination of diffusion 
coefficients. A few of the metallic systems which have been 
studied in this manner include zinc (35» 36), silver (37), 
tin (38), indium (39), sodium (i|0), germanium (1+1), 
magnesium (i|2) and gold (43)• Sectioning methods have been 
used extensively to study self-diffusion in alloys and 
impurity diffusion in both pure metals and alloy systems. 
These topics are discussed in the review articles mentioned 
earlier, and pertinent literature is compiled in Jaumot1 s 
bibliography (6). Almost all self-diffusion data for ionic 
compounds has been obtained with sectioning procedures. 
Autoradiographic methods have been used to investigate 
self-diffusion in tin (44)» gold (45) and silver (46). 
Because of the nature of the process, self-diffusion 
has been studied almost exclusively by means of tracer 
techniques. A few attempts have been made to develop 
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satisfactory nontracer methods. Kuczynski (47) has examined 
the relationship between the rate of sintering of fine 
metallic wires wrapped around a cylinder of the same material 
to the coefficient of volume diffusion. Hoffman (l£, p. 57) 
has pointed out that the agreement between Kuczynski1s 
results and those obtained with tracer methods may be 
fortuitous because of the large error inherent in the 
measurement of the width of the bond between the wires and 
the cylinder. 
In recent years, the application of the methods of 
nuclear magnetic resonance to the determination of the 
activation energies of self-diffusion has shown much promise. 
If the line width of a resonance peak is measured as a 
function of temperature, it is found that the width 
diminishes as the temperature increases. This diminution is 
due to a time averaging of dipolar fields over any nuclear 
motion in the specimen and is indicative of a diffusional 
process. Activation energies for the self-diffusion of 
sodium (48) and lithium (49) have been measured in this 
manner. 
B. Self-Diffusion and Defect Structure in 
the Silver Halides 
The study of self diffusion in ionic compounds has been 
useful as an aid to the investigation of the types of defects 
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which are present in these compounds and the role they play 
in the transport of charge and mass. The silver halides have 
been of particular interest in this respect. Frenkel (50) 
proposed that ionic conductivity was closely associated with 
the presence of lattice defects. A thorough examination of 
the possible types of defects was made by Schottky and 
Wagner (5l)• Seitz (52, p. 547) has reviewed their work. 
Pure silver chloride and silver bromide were thought to 
possess a defect structure of the Frenkel type (equal 
concentrations of interstitial ions and vacant lattice 
positions) although the true nature of the defects in these 
salts was somewhat uncertain. Mott and Gurney (53, p. 231), 
in their theory of the latent image in the photographic 
process, postulated the existence of Frenkel defects in the 
silver halides. Tubandt (54) showed that the transport 
number of the silver ion in the solid silver halides was one. 
Particularly persuasive were the conductivity measurements 
carried out by Koch and Wagner (55) and Teltow (56) on 
silver bromide, and by Ebert and Teltow (57) on silver 
chloride. These investigators showed that with increasing 
concentrations of added positive divalent impurity, the 
value of the conductivity decreased from that of the pure 
salt, passed through a minimum, and then increased almost 
linearly. This behavior can be easily explained in terms of 
a Frenkel defect pair which consists of a mobile silver 
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vacancy. In order to maintain electrical neutrality in the 
crystal, a silver vacancy must be formed for each divalent 
cation that occupies a lattice position. According to the 
law of mass action, the number of interstltlals must decrease 
as the number of vacancies increases. As greater 
concentrations of divalent impurity are added to the crystal, 
the vacancies become the dominant defect species* This 
argument explains the minimum in the curve of concentration 
versus conductivity* Past the minimum, the major portion 
of the current is carried by the vacancies whose 
concentration depends only on the concentration of the 
divalent impurity. Teltow has noted that an investigation 
of this type will not distinguish between pure Frenkel 
defects and a mixture of both the Frenkel and Schottky types. 
Mitchell (58) felt that Schottky defects were the 
important species in the photographic process and might be 
the dominant defect species in the silver halides. Further 
evidence for the existence of Schottky defects was proposed 
by Teltow who suggested that the anomalous rise in 
conductivity near the melting point of silver bromide might 
be due to a significant contribution of these defects at 
high temperature. Soon after Mitchell's proposal, Lawson 
(59) analyzed Strelkow's (60) thermal expansion data for 
silver chloride and silver bromide. This data showed an 
anomalous rise in the coefficient of expansion just below 
19 
the melting points of both salts. Lawson concluded that this 
rise was due to an increase in the number of defects which 
are responsible for ionic conductivity. He further concluded 
that these defects were of the Schottky type with one of the 
pair more mobile than the other. 
Kanzaki (61) measured the specific heat of silver 
bromide from room temperature to the melting point and 
observed a large increase above 250°C. He attributed this 
increase to the production of defects and proposed that both 
Frenkel and Schottky defects might exist and lead to different 
activation energies for thermal expansion and specific heat. 
Lawson's conclusions were later reversed by Christy and Lawson 
(62) who investigated the temperature dependence of the 
specific heat and examined the excess specific heat in terms 
of the formation of defects. Their results were in 
agreement with Teltow's (56) conductivity data for silver 
bromide. This agreement led them to conclude that Frenkel 
defects were the predominant species. These authors felt 
that Lawson's earlier work was probably in error because of 
the assumption that the coefficient of thermal expansion of 
the normal lattice did not vary with temperature. 
Berry (63) measured the lattice constants of silver 
bromide by an X-ray technique. He concluded that the 
results of the investigation favored a situation with no 
defects or with Frenkel defects, although Schottky defects 
might exist near the melting point to the extent of about 
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ten per cent of the total defect concentration. Kurnick (64) 
investigated the pressure dependence of the ionic 
conductivity in silver bromide. He found that below 300°C 
the change in volume associated with the formation of one 
mole of imperfections was consistent with the existence of 
Frenkel defects, but was much less than the value predicted 
for the formation of a mole of Schottky defects. Above 
300°C, both Frenkel and Schottky defects might exist with 
immobile chlorine vacancies. Kurnick redetermined the 
transport number of silver in silver bromide and found that 
neither halide nor electronic conductivity was measurable. 
He thus agreed with the earlier work of Tubandt (54) that the 
transport number of the silver ion was o..a. Recent 
investigations of the defect density in the silver halides 
(65) and polarization effects in the measurement of ionic 
conductivity (66) have supported the contention that Frenkel 
defects predominate. Zieten (67), however, has redetermined 
the thermal expansion of silver bromide and considers it to be 
too large to be explained by the presence of Frenkel defects 
alone. 
Compton (68) and Compton and Maurer (5) have measured 
the ionic conductivity and self-diffusion in single crystals 
of silver chloride. These authors have found that the dif­
fusion coefficients calculated from conductivity 
measurements by means of the Nernst-Einstein equation were 
greater by a factor of about two than the corresponding 
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values of the diffusion coefficients determined by the 
sectioning technique. This discrepancy has been interpreted 
as evidence for the interstitialcy motion of the silver ions. 
A silver ion in an interstitial position displaces a 
neighboring silver ion from its lattice site into an adjacent 
interstitial position and, in turn, occupies the now vacant 
lattice site. MeComble and Lldiard (69) have calculated 
that the observed diffusion coefficient should be a factor of 
three lower than the value of D calculated from the 
conductivity measurements if diffusion were due entirely to 
the Interstitialcy mechanism, and a factor of 2.5 lower at 
350°C if equal numbers of interstitials and vacancies are 
present. The authors considered only a collinear jump 
mechanism and noted that the lack of agreement with the 
experimentally determined ratios of Compton and Maurer might 
be due to a significant noncollinear contribution or the 
presence of some other diffusion mechanism. 
Hove (70) calculated the activation energies for 
collinear and noncollinear jump mechanisms and found that 
the energy for the noncollinear process was much the greater 
of the two. Frlauf (71) and Miller and Maurer (72,73) 
independently measured ionic conductivity and self-diffusion 
in single crystals of silver bromide. The results of the 
two investigations agree rather well. A deviation between 
the calculated and observed diffusion coefficients, very 
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much the same as that found for silver chloride, has been 
observed in both investigations. Friauf has explained this 
discrepancy bv postulating a competition between a 
collinear and a noncollinear jump mechanism for the 
interstitialcy motion of the silver ion. Miller and Maurer 
have found a range of concentrations of added divalent 
impurity within which the ratio of the silver self-diffusion 
coefficient calculated from conductivity measurements to 
that determined from tracer measurements is about 1.25. 
If the Nernst-Einstein equation is corrected to account 
for the correlation of vacancy motion, in the manner proposed 
by Bardeen and Herring ( 74 ) > the experimental ratio is in 
agreement with the assumption that the divalent impurity ions 
replace silver lattice ions with the introduction of an 
equal number of nositive vacancies. Tannhauser (75) 
investigated the diffusion of bromide ion in silver bromide 
under a variety of conditions. He concluded that anion diffu­
sion occurs bv a vacancy mechanism and noted that a 
plot of the temperature dependence of the diffusion 
coefficient has a definite curvature. 
Compton has concluded that the preponderance of 
experimental evidence favors the existence of Frenkel defects 
in the silver halides. Miller (72) has described the defect 
structure of silver bromide in the following manner. 1) 
Frenkel defects exist, are mobile for all temperatures and 
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contribute all but a negligible fraction of conductivity 
and diffusion below 300°C. 2) Schottky defects are 
unimportant below 300°C« 3) No safe conclusion can be 
drawn from mobility as to the existence of Schottky defects 
above 300°C in silver bromide• 
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III. EXPERIMENTAL 
A. Materials 
1. Single crystals 
The source of the single crystals used in this work 
was a large single crystal ingot of silver chloride, one 
inch thick and three and one fourth inches in diameter, 
obtained from the Harshaw Chemical Company. Diffusion and 
absorption crystals were cut from the ingot with a "Do-All" 
saw and shaped with a low speed lathe. Two crystal sizes 
were used. The first size, two cm in length and 1.33 cm in 
diameter, was used for the silver and cadmium diffusion 
experiments. The second size, one cm in length and 1.33 cm 
in diameter was used for the chlorine diffusion experiments 
and all absorption measurements. 
Following the cutting and lathing operations, the 
crystals were cleaned successively in boiling acetone and 
boiling concentrated nitric acid, washed in distilled water, 
etched in concentrated ammonia, washed once again and dried 
in a stream of filtered air. They were next annealed in air 
at lj.OO°C for twenty four hours and furnace cooled at the 
rate of £0°C per hour. 
Flat diffusion and absorption surfaces were obtained 
by a polishing technique. For this purpose a crystal holder 
was used which provided a solid support for the crystals -
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during the polishing operation and a means to obtain flat 
surfaces. The holder, illustrated in Figure 1, consisted of 
two pieces. The base piece was a right cylinder threaded 
on the outside; the alignment piece was an annular ring 
threaded on the inside. The crystals were mounted on the 
plane face of the cylinder in such a manner that the axis 
of the crystals was perpendicular to this face. The base 
was then screwed into the annular ring until the crystal 
surfaces were flush with the forward edge of the ring. 
The crystals were first hand ground with a piece of 
water lubricated 600 grit silicon carbide paper mounted on 
a flat glass plate. Hand grinding removed most of the 
surface impurities and lathe marks. Polishing was done with 
a piece of Bleuler "Microcloth" also mounted on a glass 
flat. The polishing mixture consisted of 600 grit silicon 
carbide powder, "Vel" detergent and distilled water. 
After the crystal face was polished to a reflective surface, 
the base piece was backed off just enough so that the 
crystal barely touched the polishing cloth. In this way, 
the remainder of the polishing was done by the grit 
suspension rather than by the polishing cloth surface. 
Following another polish with the 600 grit mixture, finishing 
was accomplished with a mixture of "Linde B", "Vel", and 
water. The net result of this operation was a flat, scratch 
free, highly reflective surface. All grinding and polishing 
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were done by hand to minimize surface strain. The crystals 
were removed from the polishing holder, boiled in con­
centrated nitric acid, washed in distilled water and dried. 
In an examination of crystal surfaces under a metallo-
graphic microscope, no embedded grit particles were observed. 
2. Absorbers 
The absorbers were prepared from scrap optical 
crystals of silver chloride about one fourth inch thick and 
of varying sizes. The crystals were first cleaned by 
successive treatment with boiling acetone and boiling nitric 
acid and were etched in concentrated ammonia to remove 
surface impurities. 
A Stanat Model FP 50 hand operated rolling mill was 
used to roll the silver chloride into thin sheets. Each 
pass through the rolls reduced the specimen thickness by 
about 1/64". After a few passes, the crystals were 
annealed at 400°0 for one hour and cooled in air. This 
precaution tended to reduce brittleness caused by the 
rolling operation. By repetition of this rolling-annealing 
process, sheets as thin as 15 mg/cm^ were obtained. To 
obtain thinner foils, three sheets were stacked together, 
cut to the same dimensions and rolled simultaneously. The 
outer sheets were peeled off and the center one was used 
as a source of absorbers. 
Circular absorbers approximately 1.33 cm in diameter 
were cut from the sheets with a device similar in function 
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and appearance to a cork borer. These circular pieces were 
pressed between two stainless steel cylinders to remove any 
burring at the edges caused by the cutter. The absorbers 
were then treated with acetone and nitric acid, washed in 
distilled water and dried. Following this treatment they 
were annealed in air at lj.OO°C and furnace cooled at the 
rate of f>0°C per hour. 
A few randomly selected absorbers were analyzed for 
per cent silver chloride. The samples were weighed, 
dissolved in concentrated ammonia and precipitated with 
nitric acid. The precipitate was washed, dried under vacuum 
and reweighed. The absorbers analyzed proved to be greater 
than 99 per cent pure in silver chloride. 
Absorber diameters were measured with a Cambridge 
Universal Measuring Machine. Generally, six readings were 
taken at 30° intervals over a semi-circle; however, in a 
few cases, ten readings were taken at 18° intervals. A 
simple average of these readings was used as the diameter 
and the area was calculated. The average deviation in area 
was much less than one per cent in all cases. The absorbers 
were weighed with an accuracy of 0.05 mg on a five place 
Volhard Balance, Model 560-D. Thicknesses were expressed 
in terms of mg/cm^ and ranged from six to 530 mg/cm^. 
3. Other materials 
The radioactive isotopes used in this investigation 
were supplied by the Oak Ridge National Laboratory. Ag^° 
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was supplied as AgNO^ in HNO^ solution. Cd^^m was supplied 
as CdfNO^ig in HNO^ solution. Cl^ was supplied in the 
form of an aqueous solution of HC1. All other reagents used 
were of sufficient purity to conform to the specifications 
of the American Chemical Society. 
B. Application of Radioactivity 
Radioactive silver was deposited on the face of the 
crystal in the following manner. A large drop of a nitrate 
solution of Ag^10 was allowed to remain in contact with the 
surface of the crystal for about thirty seconds. The 
radioactive silver from the solution entered the surface by 
exchanging with the lattice silver in the crystal. Surface 
activity could be varied either by a variation in the 
specific activity of the solution or in the length of 
contact time. Radiation intensities of from 5>000 cts/min 
to 23,000 cts/min could be obtained. 
Chlorine activity was introduced in a different manner. 
The crystal surface was reduced to a thin transparent film 
of metallic silver by the treatment with a very dilute 
(1:10,000) solution of hydrazine hydrate in water. This 
reduction process took about one hour for completion. 
Next, ten microliters of an aqueous solution of Cl^ in the 
form of HC1 were added to 2£0 microliters of freshly 
prepared chlorine water. An instantaneous exchange, Cl"^=5i 
Cl°, occurred. This solution was introduced as a drop on 
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the face of the crystal and allowed to oxidize the metallic 
silver film to the radioactive chloride. Generally, about 
15,000 cts/min were obtained on the surface of the crystals# 
The deposition of radioactive cadmium on the silver 
chloride surface proved to be a very difficult problem. 
The best method devised consisted of a reduction of the 
surface to metallic silver as in the case of the chlorine 
deposition. A mixture of ten microliters of the 
radioactive cadmium stock solution and forty microliters of 
a 4 normal HC1 solution were then added to the silvered 
surface. The radioactive drop was allowed to evaporate and 
the surface was oxidized with dry chlorine gas. Extreme 
care had to be taken with the cadmium surfaces since there 
was poor adhesion between the deposited layer of radioactive 
cadmium chloride and the face of the silver chloride 
crystal. Friction, mechanical shock or moisture could 
cause a loss of activity from the surface, so that a constant 
check of both surface radiation Intensity and absorber 
contamination was necessary. 
C. Diffusion and Absorption Measurements 
The techniques involved in the determination of the 
diffusion coefficients may be considered as two distinct but 
interrelated experiments* 
After the radioactivity had been deposited on the 
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diffusion crystal and counted, the crystal was heated for a 
known time at a known temperature. The heating, or anneal# 
furnace is illustrated in Figure 2. The main furnace 
components were a ceramic core around which was wound the 
heating element, a cylindrical aluminum block to minimize 
temperature gradients in the vicinity of the sample, and 
appropriate insulating material. The diffusion crystals 
were placed in Vycor cups and inserted in a cylindrical Super-
nickel container. The container was introduced into the 
aluminum block at zero time and it was quickly removed and 
quenched in a salt-ice water bath at the conclusion of the 
diffusion experiment. 
During the diffusion anneal, the temperature was 
measured with a chromel-alumel thermocouple calibrated 
against tin, zinc, lead and aluminum standards supplied by 
the National Bureau of Standards. The thermocouple EMF was 
measured with a Rubicon type B potentiometer, and Epply 
standard cell calibrated at the University instrument shop 
and a Rubicon galvanometer. Temperature was controlled to 
£o.i>°C with a Wheelco "Capacitrol" controller. A correction 
was made for the quenching period following the diffusion 
anneal since the temperature of the sample was lowered 
100°C from the equilibrium temperature in about 30 seconds. 
All diffusion and absorption counting was done with 
an end-window Geiger-Muller counter supplied by Tracerlab, 
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Incorporated. The sample holder, illustrated in Figure 3, 
was used to insure reproducible geometry in the counting 
arrangement and to eliminate edge effects by providing a 
small amount of collimation for the radiation. In practice, 
the A and A0 counts were always taken with a thin reference 
absorber positioned in front of the active surface of the 
diffusion sample. However, for the purposes of clarity, it 
better to consider first the situation where the A/A0 ratio 
is determined without the reference absorber. This 
arrangement is illustrated in Figure i|A. 
The radiation counted after the diffusion anneal, A, 
was composed of contributions from all the radioactive 
nuclei distributed throughout the diffusion crystal. 
Consider an increment of volume between x and x + dx above 
the surface of the diffusion crystal which is shown in 
Figure 4A. During the diffusion anneal, a certain quantity 
of radioactive material will have diffused into this 
increment and will contribute to A. The activity in this 
increment is now a + x cm away from the window of the 
counting tube. The emitted radiation must first pass 
through the intervening thickness of silver chloride before 
it can be counted. During this process, the radiation will 
be scattered and absorbed by the silver chloride and, hence, 
will contribute differently to the total surface radiation 
than would an equivalent amount of radiation emitted at the 
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surface. The problem simplifies to one which requires the 
determination of the difference in the counting rate of n 
radioactive nuclei at the surface and the same n radioactive 
nuclei In the plane x cm above the surface. The ratio of 
these counting rates is -€ x, the transmit*ancy. 
To determine -Cx for a particular thickness, x, of 
silver chloride, a layer of radioactive material was 
deposited on the surface of a crystal in a manner identical 
to that used for the diffusion crystals. The radiation 
from this crystal was counted with the same sample holder 
used for the diffusion counting. The crystal was removed and 
an absorber of thickness x was inserted in the holder. The 
crystal was replaced and counted as shown in Figure I4JB. With 
the absorber positioned in front of the radioactive surface, 
this surface lay in the same position and geometric 
environment relative to the counting tube as did the plane 
at x in the diffusion sample. The ratio of these two 
counting rates was •€ x, the transmittancy. This experiment 
was repeated with absorbers covering a wide range of 
thicknesses and a plot of absorber thickness versus 
transmittancy was drawn. By the use of this plot, the ratio 
of the radiation intensity in the plane at x to its 
contribution to the total surface radiation intensity could 
be determined for any thickness of absorbing material. 
Absorption measurements were carried out in this 
manner for each of the isotopes used in the 
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investigation. The absorption crystal was counted at 
least four times to average small alignment differences. 
For a given absorption crystal, each absorber was positioned 
and counted at a number of random orientations and an 
average transmittancy was calculated. At least six complete 
series of absorption measurement s were carried out for each 
of the isotopes. In addition, as many as eight partial 
series of absorption measurements were carried out for the 
thinner absorbers to insure precision. The silver and 
chlorine absorption measurements had a relative standard 
deviation of one per cent or less for all but the thickest 
absorbers. The cadmium measurements showed a relative 
standard deviation of about one and one half per cent. 
Extreme care had to be exercised during the cadmium 
absorption experiments because of the ease with which the 
cadmium activity was lost from the surface. Absorber con­
tamination was checked before each absorption measurement and 
the radioactive cadmium surface was counted from time to 
time during the course of the experiments. 
Because of the shapes of the experiment ally determined 
absorption curves (Cf. Figures 5»6,7 in the RESULTS section), 
it was impossible to extrapolate transmittancy values back to 
zero thickness of absorber. Therefore, a satisfactory 
integration of equation 6 from zero thickness could not be 
performed. The following procedure was used to avoid the 
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need for extrapolation back to zero thickness. A thin 
reference absorber was chosen for each of the isotopes. The 
measurements of A and AQ were both made with the appropriate 
reference absorber positioned before the active face of the 
diffusion crystal in the manner illustrated in Figure ijB. 
The standardized transmittancy used with equation 6 was taken 
as the ratio of the observed counting rate for the x 
absorber to the counting rate of the reference absorber. 
The standardized thickness of the x absorber was taken as the 
measured thickness minus the thickness of the reference 
absorber. Standardized values of -£x for any absorber showed 
significantly less deviation than did the unstandardized 
values. These modifications do not affect the form of 
equation 6, but merely require that A and AQ be measured with 
the reference absorber in position and that the standardized 
values of x and be used. All other quantities in 
equation 6 are unchanged. 
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IV. RESULTS 
A. Presentation of Data 
The experimentally determined (unstandardized) 
transmittancy ratios, -£x, are listed for each of the three 
isotopes. Data for Ag"®"1® are given in Table 1 and a plot 
of the per cent transmittancy versus absorber thickness is 
shown in Figure 5. Comparable data for the 01^6 isotope are 
tabulated in Table 2 and displayed in Figure 6. Cadmium^^ 
absorption data are given in Table 3 and Figure 7. 
It is interesting to note that for the geometric 
arrangement of sample and detector used in this investigation, 
the absorption curves for the chlorine and cadmium isotopes 
show a distinct focussing effect for thin absorbers. The 
slope of the silver absorption curve in the same region 
indicates that a similar effect may exist with Ag^® for 
absorber thicknesses closer to zero. The silver absorption 
curve clearly indicates the significant gamma contribution 
which exists well past 1,000 mg/cm^. 
The x and values which were used in the evaluation 
of equation 6 were taken from the smooth curve drawn through 
the experiment ally determined points, shown in Figures 5, 6 
and 7, and standardized to the reference absorber in the 
manner previously described. The thicknesses of the reference 
absorbers were 7mg/cm^ for silver, 10.37 mg/cm^ for 
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Table 1 
Absorption measurements for the Ag^® isotope 
Absorber Standard 
thickness Number of -£x deviation of -<x 
(mg/cm2) points (per cent) (per cent) 
6.24 12 
7.48 13 
8.43 12 
9.71 9 
9.77 11 
10.37 8 
11.02 8 
11.39 8 
12.66 8 
13.54 8 
14.25 8 
15.14 8 
16.12 8 
17.84 8 
19.05 8 
22.36 7 
26.91 7 
29.10 6 
31.41 7 
38.00 6 
42.24 5 
45.07 6 
48.41 6 
55.88 6 
60.65 6 
69.88 5 
77.96 6 
82.98 6 
86.54 0.80 
80.88 0.61 
77.62 0.47 
73.63 0.49 
73.58 0.53 
72.59 0.36 
70.84 0.43 
70.10 0.41 
66.20 0.60 
65.32 0.53 
62.98 0.52 
60.37 0.49 
57.21 0.32 
55.43 0.33 
3.34 0.63 
7.70 0.49 
42.26 0.36 
40.64 0.27 
38.17 0.52 
33.50 0.43 
31.48 0.20 
30.00 0.21 
29.05 0.12 
26.54 0.34 
25.24 0.24 
23.17 0.21 
21.92 0.20 
21.48 0.21 
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Table 1. (Continued) 
Absorber Standard 
thickness Number of <x deviation of •£_ 
(mg/cm2) points (per cent) (per cent) 
111.38 6 19.43 0.25 
177.87 5 15.96 0.07 
236.11 6 14.71 0.09 
278.50 6 13.46 0.35 
436.42 6 11.33 0.17 
470.52 4 10.85 0.04 
514.61 4 10.52 0.05 
550.17 4 10.07 0.05 
614.29 3 9.52 0.01 
672.53 4 9.37 0.03 
714.92 3 9.21 0.11 
826.30 3 8.84 0.08 
951.03 3 8.45 0.04 
1128.90 3 7.78 0.05 
1320.92 3 7.3 2 0.05 
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Figure 5. Absorption curve for Ag110 in silver chloride 
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Table 2 
Absorption measurements for the 01^ isotope 
Absorber Standard 
thickness Number of -£x deviation of -£x 
(mg/cm2) points (per cent) (per cent) 
6.2k 9 
7.P 9 
8.43 9 
9.71 8 
9.77 8 
10.37 9 
11.02 9 
11.39 10 
12.66 9 
13.54 7 
14.25 7 
15.14 7 
16.12 7 
17.84 9 
19.05 8 
22.36 7 
26.91 7 
29.10 8 
31.41 7 
38.00 6 
42.24 7 
45.07 6 
48.41 6 
55.88 6 
60.65 6 
69.88 7 
77.96 6 
82.98 6 
111.38 7 
107.28 0.53 
104.17 O.49 
102.57 0.66 
99.52 0.60 
99.33 0.60 
98.58 0.53 
96.98 0.52 
95.94 0.59 
92.69 0.72 
90.61 0.58 
89.18 0.39 
86.40 0.22 
82.75 1.52 
80.58 0.62 
78.30 0.54 
70.60 0.66 
61.58 0.32 
58.78 0.40 
54.00 0.76 
44.70 0.53 
38.74 0.36 
35.67 0.33 
33.84 0.43 
25.70 0.33 
22.05 0.28 
16.27 0.22 
12.58 0.14 
IO.48 0.11 
4.23 0.18 
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Figure 6. Absorption curve for C3Z in silver chloride 
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Table 3 
Absorption measurements for the Cd^^nl isotope 
Absorber 
thickness 
(mg/cm2) 
Number of 
points 
-€x 
(per cent) 
Standard 
deviation of 
(per cent) x 
7.48 13 109.35 0.57 
8.43 12 108.88 0.62 
9.71 15 107.08 0.80 
11.02 14 105.77 0.67 
12.66 12 105.01 0.55 
13.71 12 103.94 0.94 
15.99 12 IOI.49 0.65 
17.84 14 99.02 1.28 
19.34 13 97.65 1.30 
22.36 12 94.99 1.03 
26.91 13 90.00 1.46 
31.41 11 85.65 1.31 
38.00 10 79.03 1.06 
45.76 9 70.58 0.62 
55.88 8 62.87 0.53 
69.88 9 52.50 0.90 
82.93 8 45.06 0.42 
97.01 8 38.10 1.00 
111.38 9 32.32 0.74 
133.84 6 24.58 0.22 
156.34 7 18.76 0.23 
177.87 9 - 14.13 0.36 
192.02 7 11.84 0.17 
236.11 6 7.27 0.14 
255.83 5 5.24 0.07 
278.50 7 3.95 0.12 
309.91 7 2.72 0.24 
349.86 5 1.73 0.06 
392.25 5 0.95 0.07 
436.42 7 0.45 0.09 
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Figure 7* Absorption curve for Cd^^m in silver chloride 
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chlorine and 8.43 rag/cm2 for the cadmium, isotope. Plots of 
the log Dt versus A/A0 values for silver, chlorine and 
cadmium which were obtained from the evaluation of equation 
6 are shown in Figures 6, 7 and 8 respectively. The 
experimentally determined values of A/Aq and the diffusion 
coefficients calculated from them are shown in Table 4 f°r 
the silver isotope, Table £ for chlorine and Table 6 for 
cadmium. 
B. Errors 
A quantitative discussion of the absolute error in the 
measured diffusion coefficients is very difficult because of 
the fact that the nature of the errors is not completely 
understood. Some estimation of the probable uncertainty 
may be obtained from a consideration of the factors which 
might Influence the accuracy of the diffusion measurement. 
The most important factor to be considered is the 
uncertainty which results from the graphical evaluation of 
Dt by means of the log Dt-A/A0 curve. 
The inaccuracies in the experimentally determined values 
of the A/Aq ratios were due to a number of contributing 
factors which included: 1) statistical fluctuations in 
counting, 2) fluctuations in the response of the counting 
tube and the associated electronic circuits, and 3) small 
variations in the surface uniformity of the sample and in 
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Figure 8. Dt versus A/A0 for the diffusion of silver in 
silver chloride 
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Table 4 
Silver diffusion measurements 
T t D 
°C A/Aq sec cm2/gec 
403.0 .2312 5,130 2.65 x ID"? 
402.0 .2332 5,130 2.51 x 10-7 
401.2 .2993 1,530 2.35 x 10-7 
400.9 .3018 1,530 2.26 x 10-7 
351.1 .3348 3,330 6.13 x 10-8 
350.9 .2094 6,990 5.96 x 10-8 
350.3 .3932 1,530 5.86 x 10-8 
350.2 .2928 6,990 5.74 x 10™8 
298.1 .5004 2,130 1.18 x 10"8 
297.5 .3766 10,530 1.06 x 10-8 
296.6 .3722 10,530 1.05 x 10-8 
249.5 .5416 11,730 1.39 x 10-9 
249.1 .5161 11,730 1.82 x 10-9 
199.0 .6947 24,930 1.39 x 10-10 
198.8 .7052 24,930 1.24 x 10"10 
174.7 .6848 78,930 4.84 x 10"11 
148.0 .8469 43,590 1.20 x 10-11 
147.9 .8633 43,590 9.20 x 10-12 
52 
Table 5 
Chlorine diffusion measurements 
4 A/A0 
t 
sec 
o
 
© 
1
 
401.7 .5695 86,130 1.61 x 10"10 
350.9 .7608 183,330 1.58 x 10"n 
350.6 .7987 93,450 2.05 x 10 "H 
300.8 .8861 172,530 3.22 x 10"12 
252.9 .8996 280,530 1.52 x 10"12 
197.8 .9393 259,230 5.82 x 10"13 
Table 6 
Cadmium diffusion measurements 
T t D 
°C A/AQ sec cm2/sec 
401.6 .5337 28,530 4.00 x icT9 
396.8 .3782 107,730 3.17 x 10"9 
350.0 .6826 33,930 1.09 x 10"9 
336.0 .7452 28,530 7.54 x KT10 
299.6 .8134 39,930 2.70 x 10-10 
274-5 .8201 50,130 1.99 x 10"10 
249.1 .8569 78,930 7.83 x 10-11 
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Table 6. (Gontinued) 
T 
°C A/A0 sec 
t 
224.8 
199.2 
148.9 
.8719 
.9081 
.9527 
75,330 
93,330 
147,990 
6.57 x 10-11 
2.76 x lO'll 
4.90 x 10-12 
the thickness of the reference absorber. An examination of 
the reproducibility of counting rates for the diffusion 
measurements indicated that these factors introduced a 
relative uncertainty of about one per cent in the A/AQ 
ratios. 
Small changes in the geometric arrangement of the 
counting tube and the sample holder introduced further 
inaccuracies in the diffusion coefficient. An estimation of 
the magnitude of this uncertainty was based upon a comparison 
of the counting rates for a standard sample which was counted 
under different geometry conditions. Further information 
concerning the change in D associated with small changes in 
the counting geometry was obtained from a comparison of -£x 
values determined for the same absorber under different 
geometry conditions. These experiments Indicated that 
inaccuracies in the reproducibility of counting geometry 
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caused a relative uncertainty of about two per cent for 
A/Aq ratios considerably less than unity and one per cent or 
less for ratios close to unity. The estimation of 
uncertainties caused by changes in geometry is open to 
question since the estimate was based on indirect methods and 
was subject to the interpretation of the investigator. 
Equation 5 shows that Dt is a function of •£ as well as 
A/AQ. The error in the experimentally determined values of 
•€x appears as an uncertainty in the values of A/A0 which 
are plotted on the log Dt-A/AC curve. The relative 
uncertainty in these plotted values was one half of one per 
cent for the silver and chlorine isotopes and one per cent 
for the cadmium isotope. The total relative uncertainty in 
A/Aq for the silver and chlorine isotopes ranged from 2.3 
per cent for the smaller ratios to 1.2 per cent for ratios 
close to unity. For cadmium, the total relative 
uncertainty ranged from 2.5 to 1.5 per cent. 
The corresponding uncertainty in Dt was strongly 
dependent on the slope of the log Dt-A/Ag curve. For silver, 
the Dt values were accurate to about 11-12 per cent for all 
temperatures except 150° where they were accurate to about 
20 per cent. The relative uncertainty in the chlorine Dt 
values ranged from eight per cent at 400°C to 40 per cent 
at 200°C. The relative uncertainty in Dt for cadmium varied 
from eight per cent at 400°C to 28 per cent at 200°C. The 
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cadmium point at 150°C had an apparent relative uncertainty 
of 58 per cent. This lack of precision is understandable 
in view of the fact that the A/A0 ratio of 0.9527 is in the 
region of steep slope of the log Dt-A/A0 curve. These 
results show, at least, the strong dependence of the 
apparent uncertainty on the slope of the log Dt-A/A0 curve. 
In the case of the silver isotope, most of the A/Aq ratios 
fall on that part of the curve where the slope is fairly 
constant with the result that the relative uncertainty does 
not vary over a wide range. The large variation for the 
chlorine and cadmium isotopes is due to the fact that many 
points fall in regions of steep slope. As the slope 
increases, the inaccuracies of the points becomes in­
creasingly greater. 
Further inaccuracies in D were introduced by uncertainties 
in the measurement of anneal time and anneal temperature. 
Errors in time were negligible except for the case of the 
thirty minute diffusion experiments for which they caused a 
relative uncertainty in D of about two per cent. The 
equilibrium temperature of the diffusion anneals was 
controlled to within t0.5 degrees. The corresponding relative 
uncertainty in D ranged from 1.3 per cent at 400°G to 3.3 
per cent at 1$0°C. Because of the large uncertainty 
introduced in the graphical evaluation of Dt, errors in time 
and temperature had little effect on the total uncertainty 
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in D. For all practical purposes, the relative uncertainty 
in the diffusion coefficient was the same as the relative 
uncertainty in Dt. 
Before any definitive evaluation of the errors inherent 
in the surface counting technique can be made, the possible 
sources of error must be investigated experimentally. The 
error estimate in this investigation is useful only as a 
means of comparing the relative uncertainty among the three 
isotopes used and of illustrating the dependence of the 
apparent uncertainty on the slope of the log Dt-A/A0 curve. 
As yet, no systematic discussion of errors is possible for 
any of the popular tracer methods for the determination of 
diffusion coefficients, hence, a comparison of the accuracy 
realized by two different investigators is meaningless. 
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V. DISCUSSION 
A. Method 
It is evident from the discussion of errors that, 
although the utilization of an empirical absorption curve in 
the evaluation of the diffusion coefficient is an improvement 
over methods which incorporate a linear absorption 
coefficient, further improvement of the experimental 
technique is necessary. In order that a diffusion 
investigation be of significance in a quantitative discussion 
of the mechanisms of mass transport and the defects 
responsible for this phenomenon, the measured diffusion 
coefficients must be consistently known to ten per cent or 
better. The surface counting technique is, as yet, 
incapable of providing results of this accuracy. Certainly 
in this investigation such accuracy has not been obtained. 
When an empirical absorption curve is used, as in this 
work, rather than a linear absorption coefficient, the 
optimum conditions for accuracy depend on a minimization of 
the magnification of error which results from the graphical 
evaluation of Dt. This error magnification will be kept to 
a minimum if the experimentally determined A/Aq ratio falls 
on that part of the log Dt-A/A0 curve which has the least 
slope. In practice, the greatest accuracy is realized with 
an A/Aq ratio of about £0 per cent. This optimum value of 
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A/Aq is easily attained for diffusion coefficients as low as 
10-9 cm^/sec. Here, a 50 per cent decrease in surface 
radiation intensity can be achieved in a relatively short 
heating period. Generally, a preliminary diffusion 
experiment will be necessary in order to determine the 
approximate magnitude of the diffusion coefficient so that 
the proper heating time may be calculated. For very slow 
diffusion rates, the problem is more difficult. A diffusion 
coefficient of 10"^° cm2/sec will require a heating period 
of about 29 days to reduce the surface radiation intensity by 
half. For the same diffusion coefficient, a heating period 
of about seven days will be required to reduce the surface 
radiation to 65 per cent of its original value. (A/A0 ratios 
greater than 65 per cent will tend to fall in that region of 
the log Dt-A/A0 curve where the error caused by the 
increasing slope becomes significantly large.) For diffusion 
coefficients less than 10~10 Cm2/sec, A/A0 ratios which lie 
on the flat part of the curve cannot be obtained within 
reasonable periods of heating. Ratios of from 70 to 90 per 
cent must be used in the determination of these very slow 
diffusion rates. 
Under such conditions, the error in Dt can be minimized 
only by an improvement in the methods used to determine the 
a/A0 ratios. The accuracy realized with the counting 
procedure used in this investigation is considered to be the 
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limit of accuracy which can be obtained with a Geiger-Muller 
counting tube of the type employed. The self-quenching 
"G. M." counter has certain characteristics which cause it 
to be unsuitable for the precise determination of diffusion 
coefficients. These limitations include a relatively high 
dead-time and the fact that the tube has a finite period of 
useful life. The dead-time imposes an upper limit on the 
specific activities which can be employed since above 30,000 
cts/min or so, counting rates become extremely unreliable. 
In addition, as the tube ages, its characteristics may 
change with the consequent introduction of uncertainty into 
both diffusion and absorption measurements. Perhaps the 
most serious limitation of the "G. M." tube is the fact 
that its useful life is comparatively short. As the tube 
approaches this limit of usefulness, its absorption 
characteristics change, spurious counting will be observed, 
and the tube must eventually be replaced. Although the 
physical dimensions, including window thickness, of two 
counting tubes may be nominally the same, the response to a 
standard counting sample will invariably differ. Moreover, 
there is no absolute certainty that two tubes will be mounted 
in an identical manner. In the present investigation, a 
comparison of the response and geometry between two tubes was 
made by a measurement of the shelf ratios determined with a 
standard counting sample. By manipulation of the tube 
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mounting, the shelf ratios could be reproduced to within 
one or two per cent. Even this small error can be significant 
in view of the large magnification of error introduced in 
the graphical determination of Dt. In addition, the method 
of mounting the tube was not completely rigid. The counting 
s ; stem could be slightly disturbed by the repeated 
introduction and removal of the sample holder and by the 
additional movement of the heavy lead door of the radiation 
shield. 
These disadvantages emphasize the need for an improved 
counting arrangement. Currently, a system is being 
developed which utilizes a gas-flow proportional counter as 
the radiation detector. Proportional counting eliminates 
the objectionable features of the Geiger-Muller tube. Dead-
time is negligible; consequently, counting rates upwards of 
100,000 cts/min may be conveniently employed. The obvious 
advantage of such fast counting is that statistical errors 
are reduced to the point where they become negligible. This 
advantage is particularly important in view of the extreme 
accuracy needed in the determination of the A/A0 ratios. 
Because the fill-gas is constantly replenished, the life­
time of the proportional counter is indefinite. Thus, 
uncertainties introduced by tube aging and the need for 
replacement of the counting tube are eliminated. The 
proportional counter is mounted in a completely rigid manner 
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and should be quite insensitive to mechanical or vibrational 
disturbances. 
This counting system should reduce errors in A/Aq to the 
point where the largest error in counting will be caused by 
the small misalignments of the sample in the sample holder, 
and by small variations in the surface uniformity of the 
diffusion and absorption samples. The total error from these 
sources can be easily kept to below one per cent. 
Consequently, errors in Dt should be minimized to ten per 
cent or less. 
B. Evaluation of the Diffusion Data 
Because of the uncertainties in the diffusion 
coefficients obtained by the methods of the present 
investigation, no attempt will be made to discuss the data in 
a quantitative manner. However, a number of qualitative and 
semi-quantitative observations are possible. A plot of the 
log of the diffusion coefficient of silver in silver chloride 
versus the reciprocal of the absolute temperature is shown 
in Figure 11. Data obtained by means of the sectioning 
technique are illustrated for comparison. A similar plot of 
the temperature dependence of the diffusion coefficient of 
chlorine in silver chloride is shown in Figure 12. An 
inspection of the curves indicates that the diffusion of 
chlorine is much slower than that of silver. This fact is 
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in good agreement with the transport data of Tubandt (54) 
and the diffusion experiments of Compton and Maurer (5)• It 
may be concluded that the silver ion is responsible for all 
but a negligible part of the transport of charge and mass in 
solid silver chloride. 
Figure 11 indicates that between ij.OO°C and 300°C, 
Compton's (68) data agree well with the values obtained in 
the present investigation, but are somewhat higher at 
lower temperatures. For the intrinsic region below 350°C, 
Compton and Maurer have expressed their data by means of an 
Arrhenius equation of the form: D = l.lj.6 exp(-0.890/kT)-
cm2/sec, where the activation energy is given in units of 
electron volts. Between 1|00°C and 200°C, the present data 
may be represented by the equation D = 9.36 exp(-1.Ol/kT)-
em^/gec. The reason for the discrepancy below 300°C is not 
clearly understood, although it may be due to differences 
in the concentration of divalent impurities in the crystals 
used. Compton1s data are considered to be the more 
accurate description of the diffusion of silver in silver 
chloride in view of the fact that similar changes in slope 
near the melting point have been observed for the temperature 
dependence of the diffusion of silver bromide (71,72,73). 
Compton and Maurer have found that the diffusion 
coefficients determined from tracer experiments are 
consistently lower, by about a factor of two, than the 
values of the diffusion coefficient calculated from 
t 
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conductivity by means of the Nernst-Einstein equation, 
equation may be written 
S. = 
D kT 
where N is the concentration of lattice sites. This 
discrepancy has been interpreted as evidence that the 
migration of the silver ions takes place by the inter-
stitialcy mechanism (55)• If the motion of only the silver 
ions is considered, it has been shown by Me Comble and 
Lidlard (69) that equation 7 must be modified by a 
multiplicative factor, f, because of the nature of the 
interstitialcy mechanism. For this type of motion, charge is 
transported a distance 2d whereas the tracer ion moves only 
a distance d. This consideration introduces a factor of 0.5 
into the Nernst-Einstein equation. Moreover, the next jump 
of an ion which has just moved from an interstitial to a 
lattice position will not be completely random. Because of 
the presence of the neighboring interstitial, the ion will 
have a high probability of returning to its original inter­
stitial position. The jump of an ion in an interstitial 
position will not be similarly correlated and should be 
considered as completely random. A consideration of these 
correlation effects introduces a factor of 0.67 and the 
combined effect of the interstitialcy mechanism gives f 
equal to 0.33. The motion of the silver vacancy is also 
This 
(7) 
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correlated. Bardeen and Herring (74) have calculated a 
correction factor of 0.80 for this process. Compton and 
Maurer have utilized these results, together with the data 
of Ebert and Teltow (57) for the relative mobilities of 
silver interstitials and vacancies, to derive a relationship 
which predicts the value of the ratio between the observed 
and calculated diffusion coefficients for silver in silver 
chloride. The ratio is expressed by the equation 
Dcalc = R = 1 f 41.6 exp(-0,272/kT) , (g) 
Dobs f + 33.3 exp(-0.272/kT) 
where f is the correction for the interstitialcy motion of 
the silver ions. Here, it is assumed that equal numbers of 
interstitials and vacancies exist. Compton and Maurer found 
that their experimental data could best be represented by 
taking f equal to 0.50 rather than 0.33 as was predicted by 
McCombie and Lidiard. This modification of equation 8 gives 
R equal to 1.78 at 350°C and 1.94 at 200°C. R observed 
experiment ally varied from 1.7 at 350°C to 2.1 at 200°C. The 
data of the present investigation do not conflict with the 
qualitative predictions of the interstitialcy mechanism since 
the values of the measured diffusion coefficients are con­
sistently lower than those calculated from the conductivity 
data of Compton. 
The temperature dependence of the diffusion coefficient 
of the chlorine isotope, shown in Figure 12, is somewhat 
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surprising. There is a pronounced curvature below 350°C, 
but, because of the continuously changing slope and the 
inaccuracies of the data, it is impossible to distinguish 
between a single low temperature process or a more compli­
cated phenomenon. Compton and Maurer (5) have measured the 
diffusion of chlorine in silver chloride between 324°C and 
the melting point by means of the sectioning technique. They 
found that the plot of the temperature dependence of the 
diffusion coefficient gave a straight line. The experimental 
points were expressed by means of the equation D = 133 exp-
(-1.6l/kT) cm2/sec. The curve obtained from an evaluation 
of this equation is shown as a dotted line in Figure 12. 
Tannhauser measured the diffusion of bromine in silver 
bromide and found a definite curvature in the diffusion 
coefficient-temperature plot which he feels is not due to 
experimental error. From an investigation of the activation 
volume for bromine diffusion, it was concluded that a 
vacancy motion was followed, but no explanation was found 
for the curvature. 
Since Tannhauser's measurements were carried out at 
fairly high temperatures, and since Compton's and Maurer's 
investigation was not extended to temperatures below 32lj.°C, 
there is no evidence, other than the data of this work, of 
an unusual low temperature behavior of anion diffusion in the 
silver halides. An estimation of the activation energies 
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from the present data gives a value of about 1.57 ev between 
3f?0°C and 1+00°C, and a value of about 0.37 ev in the region 
below 280°C. The high temperature value is in good agreement 
with the activation energy of 1.61 ev reported by Compton 
and Maurer, and is consistent with the vacancy mechanism 
postulated by Tannhauser. The low temperature activation 
energy is too small to be associated with the volume 
diffusion of an individual chloride ion either by a vacancy 
or any other known mechanism. It may be indicative of the 
presence of a significant concentration of silver vacancy-
chlorine vacancy complexes which move through the crystal 
lattice as uncharged species. It is possible, however, that 
this low temperature process may be due to a surface diffu­
sion effect which becomes more important than volume diffu­
sion at sufficiently low temperatures. Although no direct 
evidence of surface diffusion was found in this 
investigation, the existence of such a phenomenon should not 
be ignored. A study of chlorine diffusion in polycrystalline 
silver chloride might be useful as a means to distinguish 
between surface and volume diffusion. 
A plot of the temperature dependence of cadmium 
diffusion in silver chloride is shown in Figure 13» From a 
comparison of the appropriate diffusion data, it is evident 
that the doubly positive cadmium ion diffuses more slowly 
than the silver ion; about one sixtieth the rate of silver at 
i;00oC and about one sixth the rate at 200°C. The cadmium 
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curve exhibits a change in slope at about 320°C. If the 
data is considered to be indicative of a competition between 
two diffusional processes, the following equation is 
obtained: D = I4I.O exp(-1.36/kT) cm2/sec + 2.35 x 10"5 
exp(-0.56/kT) cm2/sec. The constants for the second term of 
this equation, which is dominant at low temperature, were 
calculated by means of a least squares analysis (76) of the 
data between l50°C and 300°G. The contribution of this 
second term was then calculated at the temperature of each of 
the diffusion experiments above 300°C. This calculated low 
temperature component was subtracted from the experimentally 
determined, total diffusion coefficient at the higher 
temperatures. The differences were subjected to a least 
squares treatment to give the first component of the equation. 
The observed change in slope is not surprising in view 
of the anomalous behavior of conductivity, self-diffusion, 
specific heat and thermal expansion in the high temperature 
regions for both silver chloride and silver bromide. At 
present, there is no adequate description of the defect 
structure near the melting points of the silver halides. 
Attempts have been made to explain the observed anomalies in 
terms of an appreciable concentration of Schottky defects in 
this region (56) or a loosening of the lattice near the 
melting point, caused by expansion of the lattice parameters 
(57). Neither of these explanations, however, has been 
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completely successful. 
There has been much interest in the manner in which 
divalent impurities exist in the silver halide lattice and in 
the manner by which they might migrate through the lattice. 
It is now thought that when a doubly positive ion enters the 
lattice, a silver vacancy is formed to maintain electrical 
neutrality in the crystal. There has been much speculation 
of whether the doubly positive, cadmium ion, for instance, 
might move in conjunction with its associated silver 
vacancy; that is# of whether the cadmium ion and its 
associated vacancy might exist as a complex. In view of its 
low activation energy, the low temperature cadmium diffusion 
may be indicative of the movement of such a complex. The 
high temperature process with its measured activation energy 
of 1.36 ev may be indicative of some mechanism by which the 
cadmium ion moves independently of its associated vacancy. 
It is difficult, however, to envisage such a mechanism. As 
in the case of the chlorine isotope, the possibility of a 
significant contribution of surface diffusion at low 
temperatures should not be discounted. 
72 
VI. SUMMARY 
The rates of diffusion of silver, chlorine and cadmium 
ions in single crystals of silver chloride have been 
investigated by means of a variation of the surface counting 
method. The diffusion equation for the semi-infinite medium 
has been graphically integrated by the use of an empirically 
determined absorption curve for the isotope under 
consideration. The mathematical development of the 
technique is discussed in detail and the advantages of this 
method over those which incorporate a linear absorption 
coefficient are noted. An improved counting system for 
use in diffusion investigations which utilize the surface 
counting technique is described. 
The temperature dependence of the diffusion coefficient 
of silver in silver chloride may be expressed by an 
Arrhenius equation of the form D= 9.36 exp(-1.0l/kT) cm2/sec 
where the activation energy is given in units of electron 
volts. Above 300°G, the measured diffusion coefficients agree 
well with values obtained by means of the sectioning technique 
but are somewhat lower at temperatures less than 300°C. 
A plot of the temperature dependence of the diffusion of 
the chlorine isotope exhibits a large change in slope below 
350°C. An estimation of the activation energies gives a 
value of 1.57 ev in the high temperature region and 0.37 ev 
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in the low temperature region. 
The temperature dependence of the diffusion of cadmium 
in silver chloride may be expressed by means of the equation 
D = 32.8 exp(-1.36/kT) cm2/sec + 2.35 x 10~% exp(-0.56/kT) 
cm2/sec. Qualitative observations have been made with 
respect to the possible significance of the diffusion of 
chlorine and cadmium. 
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VIII. APPENDIX 
A. Heating Time Correction 
The following procedure was used to correct the 
diffusion time for that period during which the sample 
temperature was below the equilibrium temperature of the 
diffusion furnace„ A flexible, fiber-glass insulated 
thermocouple was inserted into the diffusion sample holder 
in such a manner that the junction was in contact with the 
plane face of a silver chloride crystal. A Weston Model 
67001 recording potentiometer was used to record the 
variation of sample temperature with time as the crystal 
was heated from room temperature to the equilibrium 
temperature of the furnace. The correction time, to be sub 
tracted from the total time the crystal was in the furnace, 
is given by: 
eft = the correction to the heating time. 
t' = the time required for the crystal to reach within 
2°C of the equilibrium temperature. 
Dq = the diffusion coefficient at equilibrium tempera­
ture . 
D = the diffusion coefficient at temperature T which 
corresponds to a heating time t. 
f(t) dt; f(t) = D(t)/D 
o 
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Values of eft were on the order of 4*5 minutes. Values 
of t1 were on the order of 11-12 minutes. The D0 and D 
values used in this calculation were uncorrected diffusion 
coefficients obtained from diffusion experiments of long 
duration. 
B. Spectrographic Analysis of Silver 
Chloride Single Crystals 
The results of an emission spectrographic analysis of 
the Harshaw single crystal material indicated an impurity 
concentration of less than 100 parts per million for each of 
the following elements: Fe, Cu, Pb and Ca. Cd and Si were 
not detected. The upper limit of cadmium impurity 
concentration was estimated to be 100 parts per million and 
of the silicon, 50 parts per million. 
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